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The encapsulation of graphene based Hall sensors on foil 
is shown to be an effective method for improving the per-
formance in terms of higher sensitivity for magnetic field 
detection. Two types of encapsulation were investigated: 
a simple encapsulation of graphene with polymethyl 
methacrylate (PMMA) as a proof of concept and an en-
capsulation with mechanically exfoliated hexagonal bo-
ron nitride (hBN). The Hall sensor with PMMA encapsu-
lation already shows higher sensitivity compared to the 
one without encapsulation. However, the Hall sensor 
with graphene encapsulated between two stacks of hBN 
shows a current and a voltage normalized sensitivity of 
up to 2270 V/AT and 0.68 V/VT respectively, which are 
the highest reported sensitivity values for Hall sensors on 
foil so far. 
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1 Introduction Hall sensors are broadly used in mod-
ern automatic systems for switching and position detection 
[1-3]. The Hall sensors based on graphene show higher 
sensitivity compared to the most widely used commercial 
Hall sensors, which are fabricated based on silicon tech-
nology [4-6]. In combination with the high flexibility of 
graphene, corresponding applications in automobile and 
communication systems are expected [6,7]. The sensitivity 
of Hall sensors for magnetic field detection depends on the 
sheet carrier density n and the charge carrier mobility µ , 
and thus lower n or higher µ  results in higher sensitivity 
[1,2]. If a graphene based Hall sensor is characterized in 
ambient, the exposure to air usually introduces p-type dop-
ing to graphene due to the physical adsorption of oxygen 
or water molecules, leading to a higher carrier density and 
hence a lower sensitivity [8,9]. For graphene based Hall 
sensors on rigid substrates, e.g. silicon with silicon oxide, 
an electrostatic doping from the global back gate can be 
utilized to compensate the doping from the air resulting in 
a lower doping level and thus a higher sensitivity. Howev-
er, for flexible graphene based Hall sensors on foil, e.g. 
Kapton, due to the lack of a back gate, an encapsulation 
layer is expected to be a better choice for effectively reduc-
ing the carrier density and hence increasing the sensitivity 
of the Hall sensor. Meanwhile, the encapsulation isolates 
the active material graphene from the environment and 
thereby enables a stable operation for an actual application. 
Here, we show that the encapsulation of the graphene can 
improve the performance of Hall sensors on foil in terms 
of the increasing sensitivity for graphene produced by 
chemical vapour deposition (CVD) growth. This work 
provides an effective performance optimization strategy 
for graphene based Hall sensors on foil, making this tech-
nology more feasible for further applications. 
 
2 Experimental The Hall sensors in this work were 
all fabricated on 50 µm thick Kapton foil with photolithog-
raphy as the patterning technology. Prior to the fabrication, 
the Kapton foil was fixed on a silicon chip with polydime-
thylsiloxane (PDMS) coating for better handling of the foil. 
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Afterwards the Kapton was coated with 600 nm SU-8 pho-
toresist to create a smooth surface [7]. Two encapsulation 
methods were investigated: encapsulation of graphene by 
polymethyl methacrylate (PMMA) and hexagonal boron 
nitride (hBN). For the sample with PMMA encapsulation, 
commercially available large scale monolayer graphene 
grown by CVD was used (Graphenea SE). It was trans-
ferred to the chip using a PMMA-assisted method [10], 
and the graphene was then patterned with oxygen plasma, 
followed by metallization of 50 nm nickel to contact gra-
phene. Before the encapsulation, the samples were pre-
baked at 100ºC for 10 minutes. The encapsulation was car-
ried out by covering the active area with a drop of PMMA  
(950K), and following baking from room temperature up to 
180 ºC for 10 minutes to remove the solvent. For the sam-
ple with hBN encapsulation, large and isolated single crys-
tal domains were grown by CVD on copper foil in house 
and micromechanical exfoliated multilayer hBN was used 
as the encapsulation layer (details are described in Ref. 
[11]). The hBN-graphene-hBN sandwich structure was di-
rectly used for the sensor fabrication. The complete stack 
was patterned by SF6/Ar plasma etching with aluminium as 
hard mask, which was then stripped with wet chemical 
etching [5]. Afterwards 50 nm nickel was deposited to con-
tact graphene from the side. All the measurements were 
carried out in ambient atmosphere at room temperature 
with a probe station and a semiconductor parameter ana-
lyser (HP 4156B). The magnetic field was applied by an 
electromagnet whose electric field was calibrated in ad-
vance with a commercial Hall sensor (Allegro Microsys-
tems A1324). 
 
  3 Hall sensors encapsulated with PMMA A 
symmetric cross geometry is utilized for the Hall sensor 
used for PMMA encapsulation, and the as fabricated sam-
ple before encapsulation is shown in Fig. 1a, with a de-
tailed optical image shown in Fig. 1b. The distance be-
tween the two opposite electrodes L is 500 µm and the 
width of the graphene strip W is 200 µm. The Hall meas-
urements were carried out before and after the PMMA en-
capsulation. During the Hall measurement, a constant volt-
age supply was applied across one pair of opposite elec-
trodes and set to 0.1 V. The potential difference under an 
applied specific magnetic field is measured over the other 
pair of opposite electrodes, which is known as the Hall 
voltage. The Hall measurement was carried out with mag-
netic fields of 4.5 mT, 8.9 mT, 13.4 mT, -13.4 mT, -8.9 
mT, -4.5 mT in sequence, and the magnetic field was set to 
zero between different applied magnetic field values. The 
response of the Hall voltage to the external magnetic field 
is plotted in Fig. 1c. As clearly shown in the figure, the 
offset of the Hall sensor, i.e. the measured Hall voltage 
while the magnetic field is zero due to the geometrical im-
balance, is stable without any obvious drifting throughout 
the measurement, which is crucial for practical applica-
tions. The current flowing through graphene is 83 µA dur-
ing the measurement. The Hall voltages for different mag-
netic fields are averaged over time and the relationship 
with respect to the external field is plotted in Fig. 1d, in 
which a clear linear relationship is shown. The relative er-
rors for the Hall voltage measurement are also shown for 
different magnetic fields, and all the errors are less than 
0.3%. The linear fitting to the data points shows a slope of 
0.0043 V/T with a fitting error of 2.4×10-5 V/T, corre-
sponding to a voltage and a current normalized sensitivity 
of SV = 0.043 V/VT (with an error of 2.4×10-4 V/VT from 
the fitting) and SI = 52 V/AT (with an error of 0.29 V/AT 
from the fitting) respectively, based on the bias voltage of 
0.1 V and the current of 83 µA. These values are similar to 
that from Hall sensor devices on foil with smaller size, 
which demonstrates the uniformity of the large scale sin-
gle-layer graphene film [7]. 
After the encapsulation with PMMA, the obtained 
voltage and current normalized sensitivity are 0.064 V/VT 
and 121 V/AT respectively. The sensitivity SV and SI can 
be related to the charge carrier mobility µ  and sheet carrier 
density n respectively via � = �V �� (1) 
and 
Figure 1 The Hall sensor based on large area CVD graphene on 
foil.  (a) The as fabricated sample containing the Hall sensor. (b) 
The optical image of the active area of one Hall sensor with a 
scale bar of 200 µm. The graphene area is marked with dashed 
lines. The length and width of the graphene strip are 500 µm and 
200 µm respectively. (c) The Hall voltage response to the ap-
plied magnetic field, with a sequence of 4.5 mT, 8.9 mT, 13.4 
mT, -13.4 mT, -8.9 mT, -4.5 mT. Throughout the measurement, 
the bias is set to 0.1 V, and a constant current of 83 µA is meas-
ured. (d) The linear relationship between the Hall voltage and 
magnetic field, with a slope of 0.0043 V/T from the linear fitting 
to the data points. The calculated voltage and current normalized 
sensitivity are 0.043 V/VT and 52 V/AT respectively. The rela-
tive errors for the Hall voltage measurement are also shown. 
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� = 1��I, (1) 
where e is the elementary charge [1,2]. The key parameters 
for the sensor before and after the encapsulation are sum-
marized in Table 1. The current normalized sensitivity in-
creases by 130%, and the corresponding decrease in sheet 
carrier density is also clearly shown, since the encapsula-
tion isolates the graphene from ambient and hence reduces 
the doping from oxygen and water molecules in air. 
Meanwhile, the voltage normalized sensitivity increases by 
50%, and the carrier mobility also increased correspond-
ingly. Although the total resistance of the graphene in-
creases as one can tell from the degraded current, the mo-
bility still increased from 1075 cm2/V·s to 1600 cm2/V·s 
due to the encapsulation [12]. 
Two more sensor devices are characterized in a similar 
way and the sensitivities before and after the encapsulation 
are shown in Fig. 2. It is clearly demonstrated that the im-
provement in either voltage normalized or current normal-
ized sensitivity after the encapsulation of PMMA is in gen-
eral valid. The device to device variation of sensitivity val-
ues after the encapsulation should be noted, which can be 
attributed to the different thicknesses of the PMMA encap-
sulation layer from drop coating method and the relatively 
high water vapour transmission rate through PMMA. In 
this sense, the PMMA layer is not an appropriate encapsu-
lation choice for a Hall sensor, but it is sufficient to prove 
the concept of the performance improvement. However, 
inhomogeneity of the CVD grown graphene also contrib-
utes to the device to device variation of the sensitivity. 
 
4 Hall sensors encapsulated with hBN In order 
to achieve higher sensitivity for the graphene based Hall 
sensor on foil, a proper encapsulation layer needs to be in-
troduced.  hBN is considered to be a perfect choice [13,14]. 
The homogenous van der Waals interaction between gra-
phene and hBN guarantees very high carrier mobility as 
well as low carrier density of graphene, which is crucial for 
Hall sensor performance [5]. The illustration of the encap-
sulated Hall sensor is shown in Fig. 3a, and the optical im-
age of the active area is shown in Fig. 3b, with inset show-
ing the original hBN-graphene-hBN stack before pattern-
ing. The dimension of the graphene strip in the fabricated 
sensor has a length of 30 µm and a width of 12 µm. Due to 
the fabrication process, Hall measurements before encap-
sulation were not possible. For the Hall measurement after 
encapsulation, a bias voltage of 0.1 V was applied and the 
current was measured as 30 µA. The Hall measurement 
was carried out with magnetic fields of 6.0 mT, 12.0 mT, 
18.0 mT, -18.0 mT, -12.0 mT, -6.0 mT in sequence, and 
Figure 2 The (a) voltage normalized and (b) current normalized 
sensitivity of three different Hall sensors based on large area 
CVD graphene on foil before and after the encapsulation with 
PMMA. The device shown in Fig. 1 as well as Table 1 is shown 
here as device number 1. 
Figure 3 The Hall sensor based on hBN encapsulated single 
crystal graphene on foil.  (a) The illustration shows the geometry 
of the Hall sensor device. The encapsulated graphene is contact-
ed at the edge after patterning. (b) The optical image of the ac-
tive area of the Hall sensor with a scale bar of 20 µm. The inset 
is the original hBN-graphene-hBN stack before patterning, also 
with a scale bar of 20 µm. The length and width of the encapsu-
lated graphene are 30 µm and 12 µm respectively. (c) The Hall 
voltage response to the applied magnetic field, with a sequence 
of 6.0 mT, 12.0 mT, 18.0 mT, -18.0 mT, -12.0 mT, -6.0 mT. 
Throughout the measurement, the bias is set to 0.1 V, and a cur-
rent of 30 µA is measured. (d) The linear relationship between 
the Hall voltage and magnetic field, with a slope of 0.068 V/T 
from the linear fitting to the data points. The calculated voltage 
and current normalized sensitivity are 0.68 V/VT and 2270 
V/AT respectively. The relative errors for the Hall voltage 
measurement are also shown. 
Table 1 The parameters of the CVD graphene based Hall sensor 
on foil before and after the encapsulation of PMMA. 
 Before encapsulation After encapsulation 
Bias voltage (V) 0.1 0.1 
Current (µA) 83 53 
ΔVH/ΔB (V/T) 0.0043 0.0064 
SV (V/VT) 0.043 0.064 
µ  (cm2/V·s) 1075 1600 
SI (V/AT) 52 121 
n (cm-2) 1.2×1013 5.2×1012 
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the response over time is shown in Fig. 3c. It is also clear 
that the offset voltage of the Hall sensor is again very sta-
ble. Similarly the linear relationship between the Hall volt-
age and the applied external magnetic field is plotted in Fig. 
3d, and the linear fitting of the data point gives a slope of 
0.068 V/T, with a fitting error of 3.9×10-4 V/T. The rela-
tive errors for the Hall voltage measurement are also 
shown for different magnetic fields, and all the errors are 
less than 0.7%. Based on the applied voltage bias and 
measured current, the voltage and current normalized sen-
sitivity are 0.68 V/VT (with an error of 3.9×10-3 V/VT 
from the fitting) and 2270 V/AT (with an error of 13 V/AT 
from the fitting) respectively, corresponding to a high 
charge carrier mobility of 17,000 cm2/V·s including effects 
from the contact resistance and a low sheet carrier density 
of 2.8×1011 cm-2. In comparison with the four terminal car-
rier mobility obtained in Ref. [11], we assume that the mo-
bility of the device here is underestimated with the pres-
ence of the higher contact resistance from the nickel con-
tacts. The very high mobility is first thanks to the excellent 
quality of the CVD grown graphene, and the appropriate 
non-covalent encapsulation from hBN also preserves the 
intrinsically high mobility. Compared to the Hall sensor 
encapsulated with PMMA shown in Fig. 1, the carrier den-
sity here is decreased by more than one order of magnitude, 
resulting in a much higher current normalized sensitivity. 
The voltage and current bias dependence of the sensi-
tivity values of the Hall sensor are tested and shown in Fig. 
4. The voltage normalized sensitivity stays stable for volt-
age bias up to 1 V, which indicates that the mobility of the 
graphene is not notably affected by the Joule heating. On 
the other hand, the current normalized sensitivity shows no 
degradation up to 150 µA current bias. Afterwards, it starts 
to drop for a current bias of 300 µA, since the Joule heat-
ing from high current affects the doping level and hence 
the carrier density in graphene.  
In Table 2, we listed the highest achieved sensitivity 
values from Hall sensors based on different materials and 
substrates. It is obvious that the graphene based Hall sen-
sors are able to achieve higher sensitivities in general if an 
encapsulation layer is applied. Among all the Hall sensors 
on foil, the one with hBN encapsulation in this work shows 
the highest sensitivity so far, which surpasses the perfor-
mance of silicon based Hall sensor by a factor of 22.7 for 
current normalized sensitivity and by a factor of 6.8 for 
voltage normalized sensitivity. 
 
 5 Conclusion In summary, the encapsulation of the 
graphene based Hall sensors on foil is performed and is 
able to provide higher sensitivity for magnetic field detec-
tion. After a simple PMMA encapsulation, improvement in 
both current and voltage normalized sensitivity can be ob-
viously observed. Furthermore, when hBN encapsulation is 
applied, the current and voltage normalized sensitivities 
reach 2270 V/AT and 0.68 V/VT respectively, which are 
the highest sensitivity values for Hall sensors on foil. 
Therefore the encapsulation can be considered as a very ef-
fective strategy to improve the performance in terms of 
higher sensitivity of a Hall sensor on foil. 
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